Calixarenes can be used as well-defined scaffolds for investigating structure-activity relationships of additives and their impact on crystallization. In this work we present the crystal growth modification of barium sulfate by p-phosphonic acid calix[n]arene, which vary in size, n = 4, 5, 6 and 8, and thus vary in the size of the internal cavity for the same functionality in the upper rim. The tetrameric, hexameric and octameric 
Introduction
Crystallization is important in many areas; for example, for industrial separation processes 1 , for creating skeletal structures in organisms, 2, 3 and in geology. 4, 5 Much of the current interest in crystallization is, however, from a particle engineering perspective, 6 mainly because particle size and shape can dramatically influence the properties of the material. 7, 8 One strategy for controlling size and shape is to add impurities or crystal growth modifiers and much of the literature in this field is, in fact, related to how impurities impact on size and morphology of particles (for example [9] [10] [11] [12] . The fundamental structure-activity relationships governing inhibition efficacy, however, remain elusive although charge and lattice matching are known to be important criteria. [13] [14] [15] Our work in this area has emphasised investigation of additives 3 with systematic structural changes in order to better understand these structure-activity relationships. We have found, for instance, that functional groups influence the strength of adsorption to the surface and that this can lead to a loss of stability of the original structure of the resulting mesocrystal. 16 Systematic investigation of the impact of functional groups on crystal growth requires a well understood crystalline substrate, and a readily modified additive structure. As a target for crystal growth studies, barium sulfate is a relatively simple system, having one known crystal structure at ambient temperatures and pressures, and is therefore often used as a model system. However, it is also a common scale (unwanted crystallization) compound in off-shore oil production, 17, 18 and thus improved understanding of barium sulfate crystal growth is of industrial significance. In addition, it is found as a biomineral in some organisms [19] [20] [21] , and is of interest in the 'barite paradox' -barium sulfate crystallization in sea-water despite the sea-water being undersaturated. 22, 23 For additive design, the macrocyclic polyphenols known as calixarenes are very useful, as they can be readily functionalised with a wide range of groups which are known to have an impact on crystal growth of inorganic materials in general, and can be functionalised at the phenol (lower) rim, or in the para position relative to the phenol O atom in the so called upper rim ( Figure 1 ). The resulting molecules exhibit a range of interesting behaviours in their own right, often tending to have selfassembling properties that lead to a wide range nanostructures 24, 25 that can induce macroscale phenomena such as hydrogelation, 26 for example. We have previously
shown that calixarenes functionalised at the lower phenolic rim, 27 and at the upper rim, 16, 28 can be powerful inhibitors of barium sulphate crystallization. Some of these molecules have shown complex effects on crystallization whereby promotion is observed at low concentrations and inhibition at high concentrations. 16, 28 We have shown that while phosphonate-(or phosphonic acid) and sulfonate-functionalised calixarene additives have similar impacts on barium sulfate morphology, their effect on crystallization are subtly different. 16, 28 All of these studies have focused on the tetrameric calix [4] arene, and hence do not fully exploit the flexibility of calixarene derivatives which can be readily accessed in larger ring sizes, particularly the pentamer, hexamer and octamer. As an initial investigation into the impact of macrocycle size, we present here the results from the study of four calix[n]arene-based additives, all phosphonated at the upper rim, for varying ring sizes, compounds 1, n = 4, 2, n = 5, 3, n = 6 and 4, n = 8 ( Figure 1 ). We compare and contrast their impact on barium sulfate crystallization and determine what impact the choice of macrocycle has on the crystallization.
Methods and Materials
All methods in this work are described in detail elsewhere 14, 16, 27, 28 and so only brief descriptions will be repeated here.
Synthesis
All calixarene molecules were synthesized in-house. 
Conductivity
Unseeded, de-supersaturation curves were obtained by analysis of conductivity data.
The method consists of equilibrating 0.249 mM BaCl2 and then adding the molar equivalent of Na2SO4 solution quickly with stirring to initiate crystallization. The linear region of the de-supersaturation curve was used to calculate the observed desupersaturation rate, k. The pH for all experiments was 6.0 except where specified.
The calixarenes were prepared as a stock solution of 1000 ppm, the pH of which was adjusted to 6.0 and the desired volume was added to the barium chloride solution prior 5 to the addition of sulfate (keeping the total volume constant by adjusting the water addition). Supersaturation is defined as:
where c is the concentration of the ion and co is the equilibrium solubility concentration. This approximation has been made because we do not know the extent of barium ion complexation with the calixarene molecules in question. In the absence of calixarene, the supersaturation ratio for the conductivity experiments is 25. Conductivity studies showed negligible complexation for the Normalised De-supersaturation rate = k/ko - (2) where ko is the de-supersaturation rate in the absence of impurity and k is the de- 
Scanning and transmission electron microscopy (SEM/TEM)
Samples were collected by filtration onto 0.22 µm membranes and washed with ultrapure water before drying in a desiccator. A portion of the dried filter paper was placed onto carbon-coated stubs and samples were then gold sputtered prior to viewing in a Philips XL30 or Zeiss Evo scanning electron microscope.
Transmission electron microscopy was conducted on ultramicrotomed sections of solids collected and set into resin except for the p-phosphonic acid calix [8] arene; in this case the aged solids left in solution were directly pipetted onto the carbon coated TEM grid and the excess solution removed with an absorbent tissue. The samples were viewed on a Jeol 2011 instrument at 200 kV.
Nephelometry
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Turbidity experiments were undertaken using a UV-Vis instrument operated at 900 nm using a quartz flow cell according to previous literature. The barium chloride concentration, sodium sulfate concentrations, pH and temperature were all equivalent to those used in the conductivity experiments. The flow rate through the cell was measured as being 67 mL/min and this was achieved using a peristaltic pump.
Atomic force microscopy (AFM)
AFM experiments were performed on a PicoPlus instrument using a standard silicon nitride cantilever with a flow-through cell attachment. A freshly cleaved mineralogical barium sulfate sample was fixed to a metallic stub and flushed with filtered ultrapure water using a precision, dual syringe pump. One syringe had the water replaced with barium chloride solution (0.1 mM) and the other with sodium sulfate solution (0.1 mM) to obtain growth rates for the system without additives. Finally, the barium chloride solution was replaced with a solution containing barium chloride plus the calixarene molecule of interest at a known concentration and the sodium sulfate solution was topped up as necessary. In this way, the rate of growth of the original barium sulfate could be measured and the rate when calixarene was added could be compared.
X-ray diffraction (XRD)
Up-scaled, 4 L batches were prepared in order to obtain sufficient solids for X-ray diffraction analysis. The solids were collected by filtration on a 0.22 µm membrane and washed with ultrapure water before drying in a desiccator. The XRD patterns were collected on a Bruker D8 Advance instrument using Cu Ka radiation and a low background holder, spinning at 30 rpm. The 2theta range was 15-50 degrees with a step size of 0.001 ° and a divergence slit of 0.3 °.
Results
Conductivity
The ability of the calixarene molecules to inhibit overall barium sulfate crystallization is slightly different depending on the size of the macrocycle (see Figure   2 ). The addition of 1 inhibits the barium sulfate crystallization reaction completely (over the 3 hour time period) at concentrations as low as 0.013-0.014 mM, while the 7 pentamer 2 appears to have the greatest potency in terms of concentration. Given that these two calixarene molecules are not expected to complex barium ions appreciably, this inhibition activity cannot be ascribed to changes in supersaturation. Calix [6] arene 3 appears to be slightly less potent than 1 and 2, and the octamer 4 is the least potent of all as an inhibitor of barium sulfate crystallization. This is despite the fact that these two larger calixarene molecules (3 and 4) are expected to lower the supersaturation, and no doubt the inhibitory impact at high concentration is related to this. The inhibitory power of the calixarene molecules decreases (in terms of concentration required to inhibit) as the ring size increases, 2 excepted, despite the increased number of phosphonate groups present (4 versus 8), which can bind to the surface of the barium sulfate or indeed be incorporated into the material. Errors are ±10% and lines are drawn to aid reader only.
8
From the conductivity data ( Figure 2 and SFig 1.) the presence of 2, 3 and 4 induces barium sulfate crystallization promotion at low concentrations. This is not observed when the p-phosphonic calix [4] arene (1) is present.
SEM
The morphology results for barium sulfate particles formed in the presence of 1 can be found in our previous papers 16 , 28 and thus we discuss here the impact of 2, 3 and 4
only. Figure 3 shows the barium sulfate particles formed in the presence of pphosphonic acid calix [5] arene (2) quickly become rounded, and eventually form nanoparticles, that appear, at this magnification, to be roughly spherical in shape. As the concentration of 2 increases the size of the barium sulfate particles decreases. At the highest concentration investigated the particles appear to be ~300 nm in diameter. The presence of the hexamer 3 also induces barium sulfate formation with rounded morphology (Figure 4 ) that finally appear to be spherical at higher concentrations.
However, the initial morphology at low calixarene concentration appears to be highly roughened on the surface of similar morphology to the control but with a 1:1 aspect ratio. This suggests a decrease of the relative growth rate of the (001) Similarly, the presence of the octamer 4 also appears to result in the formation of small spherical particles, and at the higher concentrations the spherical particles are unchanged but appear to be intermixed with an amorphous component (see Figure   5B&C ). At lower concentrations, the three calixarenes, 2 -4, have their own unique impact on barium sulfate morphology. Smooth and rounded particles are observed for 2, roughening of the hk0 barium sulfate faces with an aspect ratio of 1:1 for 3, and round disc-like inter-grown particles for 4. 
TEM
Single crystals of barium sulfate formed in the presence of pentamer 2, are evident using TEM (Figure 6a ). In the aforementioned SEM images, the 'spherical' aggregates of barium sulfate formed in the presence of 2 are ~300 nm in diameter. These correspond to an aggregate roughly the size shown by the white circle in Figure 6A .
Thus, while aggregation appears to occur in the presence of 2, it does not appear to be occurring via an oriented mechanism. The TEM images ( Figure 6B) show that in the the particles showed the same zone axis again (see Figure 6F ).
calix [5] arene calix [6] arene calix [8] arene 
XRD
The XRD pattern for barium sulfate formed in the presence of 1 can be found in ref.
16. The XRD patterns show the presence of barium sulfate as the solid phase formed in all circumstances. However, the peaks are noticeably broadened in comparison to the control. 16 Using the 211 peak, the expected crystallite size based on the peak width analysis is ~100 nm when 2 and 4 are present, and ~85 nm when 3 is present. 
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The individual particles formed in the presence of 2 vary from 50-200 nm in diameter, based on the TEM images, which is consistent with a crystallite size of ~100 nm. This is not the case for 3 where the barium sulfate spheres are about 500 nm in radius as can be observed in the SEM and TEM images ( Figure 4 and Figure 6 ). However, the spheres formed in the presence of 3 are made up of smaller particles as already discussed (see supplementary information SFig 2) which range from 50 to 100 nm in length. Thus, the linewidth analysis is consistent with the size of these primary particles, which are then radially aggregating to form the larger spheres. The presence of 4 gives barium sulfate particles that are of the order of ~1-2 µm in diameter, as established from SEM images. However, the TEM images also clearly show ( Figure   6C and supplementary information SFig 2) the presence of smaller particles. Despite the fact that these particles are << 100 nm from the TEM images, they do not appear to be influencing the XRD pattern, and in particular the peak widths and crystallite size calculation. However, the line-width analysis result of 100 nm does correspond to the small spherical particles as shown in Figure 6C and to the disc-like particles observed in the SEM of the sample used for the XRD analysis (see supplementary information, SFig 3), which shows that the barium sulfate particles are approximately 1-2 µm in diameter. Since the TEM and XRD results both suggest these particles are made up of smaller particles, and that these are aggregating in a defined way, this confirms the existence of mesocrystals in this case.
Nephelometry
The measurement of absorbance at 900 nm can be interpreted as a turbidity value 30 and used to measure the induction time 31 , which is inversely related to the homogenous nucleation rate. The nephelometry results for barium sulfate crystallization in the presence of 1 can be found in ref 28 but are reproduced in the supplementary information (SFig 4). Essentially they show that the calix [4] arene is interacting with the critical nuclei and changing the surface free energy of these nuclei by increasing the induction time 31 .
As when p-phosphonic acid calix [4] arene (1) is present during crystallization, the presence of 3 also causes a lengthening of the barium sulfate crystallization induction time ( Figure 8 ). The presence of 3 also induces different behaviour at low concentrations whereby the turbidity increases above that of the control. However, the turbidity is related both to particle number and size and these two effects cannot be decoupled, thus further information on this will have to be obtained from other Measuring the growth rates in the presence of 2 was rather difficult. At very low concentrations the rate was not significantly different to the control while at concentrations ranging from 0.0002-0.001 mM the nucleation rate increased substantially, and finding isolated nuclei to measure the growth rates was not possible 
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(see Figure 9B and Figure 10A ). Thus the impact of the p-phosphonic acid calix [5] arene (2) on the growth rate of the <100> direction of barium sulfate ( Figure   10A ) is unresolved. On a different crystal with defect lines, the action of 2 appeared to be to promote nucleation at defects (supplementary information, SFig 5.). At higher concentrations of 2, inhibition of barium sulfate growth on the (001) face was observed.
A high barium sulfate 2D nucleation rate was also observed in the presence of 3 (see Figure 9C ) but this appeared to result in a lower growth rate relative to the control (see
A B
C D Figure 10B ). This behaviour is consistent with the SEM images in the presence of the p-phosphonic acid calix [6] arene (3) The surface structure observed in the case of 2, is similar to that reported previously for 1, but with a slightly larger repeat unit as might be expected. This suggests that both form a bilayer type structure, as often found with these macrocycles 25, 32 .
In the case of 3 the surface structure has a repeat unit of 45 Å that is similar to that found by Houmadi et al. (50 Å) 33 for the four layered structure they observed in the presence of a p-sulfonatocalix [6] arene. In addition, a crystalline calcium compound with the p-phosphonatocalix [6] arene has a unit cell, a = 14.0340, b = 16.2130, c = 19.4062 Å. 34 The half repeat value of 22-25 Å and the 16 Å for the atomic resolution image shown in Figure 11 are comparable to the c and b value respectively of the calcium structure, especially given that an analogous barium compound would be likely to form a larger unit cell compared to a calcium compound.
Discussion
The results from XRD and TEM confirm the barium sulfate particles formed in the presence of the p-phosphonic acid calix [4] arene, 1, as being meso-crystals 16, 28 . Mesocrystals are defined to be crystals that appear to diffract as a single crystal but are, in fact, made up of self-assembled nanoparticles 35, 36 . Their formation cannot be explained by classical crystallization theory and generally involves a core particle around which the initially formed nanoparticles aggregate in an oriented fashion. An important aspect of the meso-crystal formation mechanism is the stabilisation of the nanoparticles so that they have time to aggregate in this non-random superstructure.
The group of Cölfen [37] [38] [39] have used di-block copolymers to stabilise various particles and have observed many interesting structures obtained from the self-assembly of these nanoparticles. Barium sulfate forms meso-crystals, with their shape depending on a number of factors including, pH and the nature of the functional groups attached to the di-block copolymer 37, 38 .
In the presence of p-phosphonic acid calix [6] arene (3) barium sulfate mesocrystals appear to form, but the smaller nanoparticles cannot be individually imaged. This suggests that these particles may be fused mesocrystals or crystals formed by oriented aggregation. In addition, the lowered growth rate observed in the AFM results may be due to increased step numbers as the 2D nucleation rate rises significantly. In terms of the radial distribution of the particles in the spherical aggregate, there is no core/shell particle structure as found in ref. 38 . The TEM images also suggest that the exterior of the particles are more dense than the interior, inferring that the aggregate structure may form at the expense of interior particles. This may be a ripening process and may arise from a fusion mechanism for the original nanoparticles.
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It is also interesting, albeit contradictory, that in the presence of the p-phosphonic acid calix [5] arene (2), small barium sulfate particles are present that do not appear to be mesocrystals. All the calixarenes have similar impacts in terms of overall crystallization behaviour (3D nucleation inhibitors, 2D nucleation promoters) and so impacts on nucleation do not appear to adequately explain the different effects of the macrocycles. In the presence of the p-phosphonic acid calix [5] arene, (2) the particles randomly aggregate to a relatively small size (~300 nm). This is intriguing given that the atomic resolution images show that barium sulfate formed in the presence of both 1 and 2 have similar repeat structures when absorbed onto the barite crystal face and, therefore, they should have similar adsorption behaviour. However, a distinct feature of 2 (p-phosphonic acid calix [5] arene) is that it is amorphous, forming molecular capsules and stacks of single molecules into fibres 32 at the nanometre dimensions. This is not the case for 1 29 , which may relate to the symmetry constraints in packing five fold symmetry molecules into regular arrays. Calixarene 1 forms regular bilayers with crystallographically imposed four fold symmetry, and presumably this facilitates the assembly of particles into ordered arrays, ie mesocrystals. Nevertheless, isoelectronic p-sulfonatocalix [5] arene forms larger self-assembled structures with regular packing of conformationally distorted calixarenes 40, 41 .
Thermal analysis and vibrational spectroscopy were, therefore, undertaken to try and elucidate the reasons for the differences in the calixarenes' impact. We found that in the presence of all of the additives the barium sulfate formed has three weight loss regimes (see supplementary information, SFig 7.). Barium sulfate formed in the presence of 2, 3 and 4 show the same temperature behaviour with only the magnitude of the weight loss being different. The first weight loss regime is believed to be due to adsorbed water and for all cases is between 2-4 %, some of which could be residing in the cavity of the calixarenes 42 . Assuming a barium sulfate particle size of 50 nm (diameter) and a molecular diameter for the calix[4]arene of ~1 nm, then the calculated organic mass per 100 g barium sulfate particles required to cover this surface would be only 3.2 g per 100 g BaSO4. Given that the p-phosphonic acid calix [8] arene (4) has a diameter of ~2 nm and that the others are systematically smaller, the larger diameters then result in less solids being required to cover the surface; 2.6, 2.1 and 1.6 g for 2, 3 and 4 respectively. The weight loss for all of the barium sulfate particles formed in the presence of the various calixarene molecules is higher than that calculated to sit on the surface except for 1 where it is similar to that expected (total of ~5.3 %, including water). This suggests that in the case of 1 the majority of the organic molecules sit on the surface of the barium sulfate particles protecting them from fusion and facilitating the formation of the mesocrystals. When 2, 3 and 4 are present, the much higher weight loss suggests that the organic molecules are incorporated within the barium sulfate structure or partitioned both within the structure and on the surface. In the case of p-phosphonic acid calix [8] arene (4), mesocrystal formation prevails, which suggests some regular surface adsorption of the calixarene for controlling/stabilisation the material. In the case of the p-phosphonic acid calix [6] arene (3) a small percentage of surface adsorption is likely but with most of the organic material incorporated within the material, leading to fusion of the originally formed mesocrystal structure. Finally, in the case of the p-phosphonic acid calix [5] arene (2) it can be surmised that incorporation is most significant and therefore no barrier to random aggregation exists.
Unfortunately, vibrational spectroscopy did not show any significant differences between the particles formed in the presence of the various calixarenes (supplementary information, SFig 8.) and so could not support or refute the adsorption versus incorporation hypothesis. Incorporation of molecules of this size is not unusual as dyeinclusion crystals illustrate. 43 Determining the reasons for the variation in behaviour as a function of macrocycle size is difficult, particularly as the conformational flexibility increases significantly as the ring size increases. It should be noted that the behaviour of the tetramer, 1, which is the most widely studied, cannot be extrapolated directly to the larger members of the calixarene family.
Conclusions
Overall, in terms of de-supersaturation rate, the calixarenes are comparably potent in inhibiting crystallization, with the p-phosphonic acid calix [5] arene (2) being the most potent. Similarly, the presence of all the molecules results in barium sulfate XRD patterns showing significant line-broadening and this indicates the presence of small crystallites and/or particle size.
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Differences between the samples can readily be seen in the SEM and TEM images in the size of the particles produced; micron sized for the p-phosphonic acid calix [4] -, [6] and - [8] arene (1, 3 and 4) while ≤ 1 µm sized particles are produced in the presence of the p-phosphonic acid calix [5] arene (2) . TEM images show that in the case of the micron sized particles, they are clearly superstructures of smaller particles.
The presence of 1 and 4 induce barium sulfate mesocrystals, which is interesting in the sense that calix [8] arenes can take on a double cone conformation, 44 which is essentially equivalent to two calix [4] arenes in close proximity. The presence of 3 causes the formation of radially aligned barium sulfate nanoparticles that may have initially been mesocrystals, which fuse over time. In the case of 2 no obvious oriented self-assembly occurs after formation of the barium sulfate nanoparticles. This is despite the fact that isoelectronic p-sulfonated calix [5] arene form continuous selfassembled structures 40, 41 , whereas for 2 it may be a five fold symmetry packing problem. In this context it is noteworthy that p-phosphonic acid calix [5] arene is amorphous, forming molecular capsules and stacks of single molecules into fibres 32 at the nanometre dimensions.
Finally, we note that as the ring size increases, overall inhibition diminishes somewhat. The outlier to this trend is the p-phosphonic acid calix [5] arene (2) . We note that the tetramer and octamer result in stable mesocrystal formation while the pentamer and hexamer do not. This may be related to whether the organic molecule adsorbs significantly on the surface rather than being incorporated into the structure, and the nature of intermolecular calixarene interactions.
The phosphonated calixarene molecules, therefore, all have subtly different impacts on barium sulfate crystallization depending on the macrocycle size, but also have many similarities, particularly in their impact on 2 and 3 dimensional nucleation rates.
The relationship between the additive structure, and the stability of mesocrystals, appears to be subtle, and the choice of p-phosphonic acid calix[n]arene for controlling the crystallisation is critical, and requires further investigation.
